Abstract-Microgrid transient stability is a challenging topic that is being widely discussed in the literature. One of the main characteristics of most microgrids is their lack of inertial loads or generators, as most of these elements are converter-interfaced devices. The reduction of the total inertia of microgrids reduces their transient stability under power variations. Primary control strategies of regulating devices define the transient response and hence the dynamic behaviour of the microgrid. The aim of this paper is to study and compare autonomous primary control techniques that contribute to the improvement of this transient behaviour both for ac and dc microgrids. In this context, virtual synchronous machine (VSM) techniques are analysed for ac microgrids and their behaviour for different values of emulated inertia and droop slopes is tested. Regarding dc microgrids, a virtual impedance-based algorithm is proposed and its equivalence to VSM techniques in ac grids is demonstrated. It is confirmed that, by modifying different control parameters in the proposed technique, the transient as well as steady-state response of regulating converters can be adapted. Therefore, as it is shown in the results, the transient stability of dc microgrids can be significantly improved by the proposed technique, which mimics the behaviour of the classical ac grid and VSM algorithms. Furthermore, in the paper it is shown that by varying the control parameters both at VSM and virtual-impedance strategies, the flexibility to integrate devices with different dynamic responses is increased.
I. INTRODUCTION
The continuously increasing number of distributed generation (DG) systems is shifting the current electric grid from a top-down system to a decentralized one. This fact brings several problems as the electric grid was not originally designed to handle this type of energy generation. As a consequence, researches from all over the world are proposing solutions towards an efficient, robust and reliable integration of DG systems. In this context, microgrids, which are low-scale smart distribution networks composed by generation, energy storage systems (ESSs) and loads, are arising as one of the most promising alternatives [1] , [2] .
Microgrids are mainly sorted in three different groups, based on the nature of their current: ac, dc or hybrid ac/dc. Although This work has been partially funded by a predoctoral grant of the Basque Government (PRE 2015 2 0074).
most of them are ac-based networks, dc and hybrid ac/dc microgrids are arising as an interesting solution thanks to the benefits they provide over ac ones [3] -e.g. no need for synchronization, no reactive power circulation, less ac-dc-ac conversion stages, etc.
All these smart networks are capable of operating connected to the mains grid or completely isolated from it. In this last mode, however, their control is a challenging task and therefore it is being widely studied in the literature [4] - [7] . Most of the problems are mainly caused by a considerable reduction of generators with rotational inertia, which strongly deteriorates the transient stability of the network. In the classical ac network, as can be seen in Fig. 1 (a) , the inertia of these devices provides most of the power during the transient caused by a demand/generation variation [8] .
In microgrids, classical rotating generators are replaced by low-scale DG systems and ESSs that are most of the times interfaced by a power converter. Consequently, the rotational inertia is significantly reduced and the overall transient stability of the network is deteriorated under power variations. Due to this reduction of rotational inertia, primary controllers (PCs) of the converters attached to the microgrid-which are responsible for regulating the system-must handle these power variations in order to keep the frequency and/or voltage stable ( Fig. 1 (b) ). Moreover, due to the distributed nature of microgrids, these controllers must operate autonomously to avoid a communication network that would increase the overall cost and reduce the reliability and robustness of the system. Regarding ac microgrids, the emulation of synchronous generators with power converters is one of the most interesting autonomous strategies to improve the inertial behaviour of the network. This control technique is also known as a virtual synchronous machine [9] , [10] or synchronverter [11] , [12] , and a review of some of these techniques has been carried out by D'Arco et al. in [13] . This strategy mainly consists of emulating the inertial behaviour of conventional generators in the primary control level of the converter. One of the advantages of this technique is that the dynamic behaviourtransient as well as steady-state operation-of the converters can be adapted by modifying the values of emulated inertia or damping factor.
The case of dc networks is different, as there are no rotating devices with mechanical inertia directly connected to these systems. Moreover, at dc systems the power variations are handled by regulating the voltage and not the frequency as in ac ones. Consequently, other primary control strategies need to be employed in order to contribute in the transient stability of the dc network. One of the most extended trends is the use of virtual-impedances in the control loop [14] , [15] . As in the VSM control for ac microgrids, the value of these impedances can be adapted in order to modify the dynamic behaviour of converters under power variations.
The scope of this paper is to study different primary control strategies employed at ac and dc microgrids that contribute to the transient stability of microgrids. In this context, the operation mode of VSM techniques is first reviewed and its effect on the transient stability of ac microgrids is analysed. Based on this operation concept, a virtual-impedance-based control strategy is proposed for the voltage regulation of dc microgrids. Its transient and steady-state behaviour is examined and a comparative evaluation is carried out to highlight the similarities with VSM techniques.
II. AC MICROGRID PRIMARY CONTROL WITH INERTIA EMULATION
Synchronous generators driven by thermal, nuclear or hydroelectric power plants are the responsible for regulating the frequency and voltage in the classical ac grid. A higher number of these generators means more rotational inertia in the network, which is directly reflected in the response of the grid over power variations. If an electric grid contains a high value of inertia the voltage and frequency will suffer small variations under sudden power variations. On the contrary, if this inertia is low, the voltage or frequency might experience high deviations, which can lead to the malfunction or damage of the systems connected to the network or cause a chain disconnection of devices.
In an ac microgrid the number of these generators is considerably reduced and replaced by converter-interfaced DG and ESSs, substantially reducing the transient stability of the system. A possible solution for the improvement of this stability is the emulation of inertia in the control of these converters, for example employing an autonomous VSM technique [9] , [10] , [13] . These control algorithms are based on the swing equation of synchronous generators connected to the conventional electric grid, which can be obtained from the following motion equation [16] :
where J is the combined inertia of the turbine and the generator, ω m the angular speed of the rotor, T a the accelerating torque, T m the mechanical torque and T e the electromagnetic torque. As it can be noticed, an unbalance between the mechanical and electrical torque causes the acceleration or deceleration of the synchronous machine. Depending on the value of inertia, the generator will accelerate differently, opposing more or less to variations in the network. Usually a damping torque component is added in the motion equation which is proportional to the speed deviation of the motor-i.e. the difference between the generator speed and its rated value.
Line imped. where K D represents the damping factor and δ the angular position of the rotor. This equation represents the fundamentals of the motion of a synchronous generator, and it is also named swing equation because it represents the swings in the angle of the rotor (δ) when there is a torque unbalance [16] . As it can be deduced, the integration of more synchronous generators leads to an increment of the total kinetic energy stored (Eq. 3), which improves the transient stability of the network.
The VSM control technique for the ac microgrid employed in this section is based on this equation, and it has been represented in Fig. 2 . In this case, a droop-based governor is used to determine the steady-state operation point of the converter. Moreover, no voltage or current PI regulators are included and therefore the frequency reference is directly obtained from the inertia emulation. This way, the delay introduced by the regulators is avoided and therefore the response of the converter is more approximated to the one of a synchronous generator connected to the grid. It must be mentioned that a one switching cycle delay (τ d ) has been also introduced in the system to model the effect of the PWM.
Several simulations have been carried out in order to verify the behaviour of the VSM technique in an isolated microgrid environment. The simulation scenario is composed by two regulating converters in parallel and a load that is connected on the instant t = 5s (Fig. 3) . This configuration allows to study not only the transient and steady-state operation but also the power sharing of converters with the autonomous VSM control strategy.
A. Variation of emulated inertia
The first tests consist of emulating different values of inertia in the VSM control algorithms in order to observe its impact on the transient response of the ac microgrid. It must be noted that in this case both parallel converters are configured identically to neglect the effect of other system parameters in the results.
The curves in Fig. 4 (a) show that an increment of the emulated inertia reduces the dynamics of the frequency when the load is connected. This means that the dynamics of regulating converter can be adapted and therefore the transient stability of the network improved by increasing the emulated inertia.
B. Variation of droop slopes
Another advantage of this type of control is that the steadystate operation point of the converters can be adapted by varying the droop slopes. This type of regulation is widely employed in the conventional ac grid because it is a simple way of sharing the power variations without any type of communication between parallel systems. Fig. 4 (b) shows that a reduction of the droop slope shifts the steady-state frequency deviation of the network. By reducing this parameter, the sensitivity of converters under power variations is increased-i.e. more power is transmitted for a lower frequency variation. Therefore, it is verified that the steady-state point of operation of converters can be shifted with the droop gain.
C. Different dynamic parallel converters
VSM-based techniques offer the possibility to adapt the transient as well as steady-state behaviour of regulating converters by varying the control parameters. This fact provides a high flexibility for the integration of DG and ESSs of different nature in the microgrid. For instance, the emulated inertia and droop slopes could be adapted so that some of the converters Low-pass filter Virtual imped.
Virtual-impedance primary control DC microgrid
Line imped.
Load Fig. 6 . Proposed virtual-impedance-based primary control strategy for dc microgrids.
provide most part of the power during the transient interval and other ones supply power in the steady-state period. This concept has been tested based on the previously mentioned scenario and the power delivered by each converter and the load power can be observed in Fig. 5 . Here the dynamics of the second converter are made faster so that it provides most of the demanded power in the transient period.
III. DC MICROGRID PRIMARY CONTROL WITH VIRTUAL-IMPEDANCE
The control of dc microgrids is different from the previous one because power variations are managed by regulating the voltage and not the frequency. Moreover, systems with rotating inertia can not be directly connected to dc systems. Instead, the energy of dc grids mainly depends on the capacitors included in the system. The relationship between ac and dc networks can be clearly seen by comparing the equation of the kinetic energy stored in the rotating inertia of ac systems (Eq. 3) and the equation of the energy stored in the capacitors:
This means that the regulation concept employed in the conventional ac grid and in VSM techniques can be reproduced in dc microgrids by emulating the behaviour of capacitors connected to the system. The control strategy developed in this paper for the voltage regulation of the dc microgrid is based on the VSM technique employed in Section II. As it can be seen in Fig. 6 , the converter current reference is obtained from the voltage and a virtual-impedance (Z V ), which is equivalent to the droop curve implemented in the previous VSM strategy.
In addition, a current regulation is carried out with a lowpass filter (LPF) that is equivalent to an RC filter. After some rearrangements, the inertia emulation can be simplified to a transfer function that is very similar to the one of this lowpass filter:
where K LPF is the gain of the filter and τ LPF its time constant. Although there are some differences between this technique and the VSM one, in the following analysis it is shown that a similar behaviour as in ac systems can be reproduced for dc systems. Based on the scenario defined in Section II, several simulations have been carried out to observe the functionalities provided by the proposed virtual-impedance-based control strategy.
A. Variation of the low-pass filter gain
As it can be deduced from (5), the low-pass filter gain is inversely proportional to the emulated inertia (J), so an increment of this gain would be equivalent to a reduction of the inertia in the system. This behaviour can be observed in Fig. 7 (a) ; the transient response of the microgrid voltage is slowed down for lower values of K LPF . Therefore it can be concluded that the transient response of the voltage regulating converters, and hence the dc microgrid, can be adapted by modifying the value of this gain.
B. Variation of the virtual impedance
In this case the virtual-impedance is a purely resistive impedance, and it is used to modify the steady-state operation point of the converters. Hence, the variation of the virtual resistance is equivalent to a variation of the droop slope in the VSM strategy.
The curves illustrated in Fig. 7 (b) corroborate that, as it occurred with the droop slope in the VSM technique, a reduction of the virtual resistance implies a decrease of the voltage variation in the steady-state period. 
C. Different dynamic control for parallel converters
The previous results have shown that, with the virtualimpedance control, the dynamic behaviour of converters attached to the dc microgrid can be adapted. This means that the parameters of parallel converters can be adjusted so that they behave differently under a power variation, as it was done in Section II-C. Fig. 8 illustrates the power supplied by each converter when the control strategies are configured to have different dynamic responses. The behaviour of these converters show that virtualimpedance-based strategies can mimic the concept of operation of VSM techniques for ac microgrids.
IV. CONCLUSIONS
The transient stability regulation of ac and dc microgrids is a challenging task that is being widely studied in the literature. This is mainly due to the fact that, in microgrids, classical synchronous generators with rotational inertia are replaced by converter-interfaced DG or ESSs that do not inherently contribute in the dynamic response of the system. This paper has studied two different control techniques that mimic the behaviour of the conventional ac grid by emulating the dynamic response of synchronous generators.
One of them is the already known VSM technique employed at ac microgrids, which integrates the characteristic swing equation of synchronous generators to carry out the frequency regulation. The results obtained in this paper clearly show that this type of control technique can be used for the improvement of the transient stability of ac microgrids. Moreover, the dynamics of converters can be adapted to behave differently under power variations, which significantly improves the flexibility of the system.
On the other hand, a virtual-impedance based control strategy has been developed for the voltage regulation of dc microgrids. The proposed strategy is based on the VSM technique, and it is demonstrated that the same behaviour can be reproduced both in the transient and in the steady-state period. Moreover, the virtual-impedance control technique also allows to configure each converter to behave differently under a power variation.
Therefore, it can be concluded that the concept of operation of the classical ac grid can be reproduced by implementing VSM and virtual-impedance control techniques in ac and dc microgrids, respectively. This brings several advantages because the transient stability of the microgrid can be improved by simply varying the control parameters. Consequently, the integration of rotating generators or capacitors that increase the cost and maintenance of the system is avoided.
